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(57) ABSTRACT

An anterior segment measuring apparatus includes: a light
projecting optical system for forming a light section on an
anterior segment; a light recerving optical system for obtain-
Ing a cross-sectional 1mage of the anterior segment by scat-
tering of the light section at the anterior segment; a displace-
ment detection unit for detecting displacement 1n a direction
orthogonal to the light section between the position where the
actual cross-sectional 1image 1s acquired and the position of
the expected cross-sectional image; and a controller for form-
ing the cross-sectional image of the anterior segment, pro-
cessing the cross-sectional 1image to measure the anterior
segment, and correcting a measurement result for the anterior
segment based on a detection result by the displacement
detection unit.

9 Claims, 4 Drawing Sheets
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ANTERIOR SEGMENT MEASURING
APPARATUS

CROSS-REFERENCE TO RELAT
APPLICATION

T
»

This application 1s based on Japanese Patent Application
No. 2011-123816 filed with the Japan Patent Office on Jun. 1,
2011, the entire content of which 1s hereby imcorporated by
reference.

BACKGROUND

1. Technical Field

The embodiment disclosed herein relates to an anterior
segment measuring apparatus that measures the anterior seg-
ment of an examinee’s eye.

2. Related Art

Known as a method of measuring the anterior segment of
an examinee’s eye 1s a method of measuring an anterior
segment tissue by projecting slit light on the anterior segment
of the examinee’s eye and obtaining a cross-sectional image
of the anterior segment with a Scheimptlug camera (refer to
JP-A-06-14885). Moreover, an anterior segment optical
coherence tomography (anterior segment OCT (optical
coherence tomography)) 1s known as an apparatus for mea-
suring the anterior segment tissue.

SUMMARY

An anterior segment measuring apparatus includes: a light
projecting optical system for projecting light emitted from a
light source on an anterior segment of an examinee’s eye and
forming a light section on the anterior segment; a light receiv-
ing optical system, including a detector for recerving anterior
segment scattered light acquired by scattering of the light
section at the anterior segment, for obtaining a cross-sectional
image; a detecting optical system for detecting displacement
of an actual cross-sectional 1mage from an acquisition posi-
tion of an expected cross-sectional 1image; a displacement
detection unit for detecting displacement in an direction
orthogonal to the light section between the position where the
actual cross-sectional 1image 1s acquired and the position of
the expected cross-sectional image based on a detection result
obtained by the detecting optical system; and a controller for
forming a cross-sectional 1mage of the anterior segment
based on a detection signal from the displacement detection
unit and processing the cross-sectional image to measure the
anterior segment, and the controller corrects a measurement
result for the anterior segment based on a detection result by
the displacement detection unit.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic drawing for explaining a schematic
configuration of an optical system of an anterior segment
measuring apparatus according to an embodiment;

FIG. 2 1s a schematic drawing for explaining an anterior
segment observation screen on which an 1imaged anterior
segment 1mage 1s being displayed;

FIG. 3 1s a schematic drawing for explaining a relationship
between the displacement of a section, which 1s caused by the
influence of the refraction of slit light at a cornea, and an
object surface when the alignment of the anterior segment
measuring apparatus 1s displaced 1n an up-and-down direc-
tion;
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FIG. 4 1s a schematic drawing for explaining an imaged
anterior segment cross-sectional 1mage;

FIG. 5 1s a flowchart for explaining the steps of a displace-
ment correction method;

FIG. 6 1s a schematic drawing for explaining a concept for
correcting a corneal curvature radius; and

FIG. 7 1s a schematic drawing for explaining a concept for
correcting a corneal thickness.

DETAILED DESCRIPTION

In the following detailed description, for purpose of expla-
nation, numerous specific details are set forth 1n order to
provide a thorough understanding of the disclosed embodi-
ments. It will be apparent, however, that one or more embodi-
ments may be practiced without these specific details. In other
instances, well-known structures and devices are schemati-
cally shown 1n order to simplity the drawing.

In an apparatus similar to the above, an anterior segment
cross-sectional image 1s acquired as follows. In other words,
when an alignment 1s performed, an alignment target (for
example, a Mayer ring) projected on an anterior segment 1s
used. Next, shooting 1s carried out after the alignment 1s
performed at a desired position. At this time, for example,
when an anterior segment cross-sectional image 1s acquired
with the position of the corneal apex being a reference posi-
tion, the alignment 1s performed for shooting by aligning an
alignment target (for example, a Mayer ring) projected on the
anterior segment with an alignment reference position (a
position where the position of the corneal apex coincides with
an 1maging optical axis).

However, there are cases of misalignment, or the displace-
ment of a shooting position, the displacement being caused by
small movement of fixed line of sight, and the like. In such a
case, an anterior segment cross-sectional 1mage in the dis-
placed shooting position may be acquired. Accordingly, even
if an alignment 1s performed such that an anterior segment
cross-sectional image of the same examinee’s eye 1s taken 1n
the same shooting position, there are variations in measure-
ment values.

For example, in the case of a method of projecting slit light,
the shooting position may be displaced from the position of
the corneal apex. In this case, the incident position of slit light
upon acquiring an anterior segment cross-sectional 1mage 1s
displaced from the position of the corneal apex. Accordingly,
the angle of incidence upon being incident on the examinee’s
eye changes, and anterior segment reflected light (anterior
segment scattered light) 1s influenced by the refraction of the
examinee’s eye. The refraction has an intluence on the ante-
rior segment cross-sectional image to be acquired, and there-
fore 1f measurement values are calculated from this anterior
segment cross-sectional 1image, deviations are caused 1n the
measurement values.

A technical 1ssue of the present disclosure 1s to provide an
anterior segment measuring apparatus that can measure an
anterior segment with high reproducibility.

The present disclosure may have the following configura-
tions.

(1) An anterior segment measuring apparatus includes: a
light projecting optical system for projecting light emitted
from a light source on an anterior segment of an examinee’s
eye and forming a light section on the anterior segment; a light
receiving optical system, including a detector for recerving,
anterior segment scattered light acquired by scattering of the
light section at the anterior segment, for obtaining a cross-
sectional 1mage; a detecting optical system for detecting dis-
placement of an actual cross-sectional image from an acqui-
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sition position of an expected cross-sectional image; a
displacement detection unit for detecting displacement 1n an
direction orthogonal to the light section between the position
where the actual cross-sectional 1image 1s acquired and the
expected position based on a detection result obtained by the
detecting optical system; and a controller for forming a cross-
sectional image of the anterior segment based on a detection
signal from the detector and processing the cross-sectional
image to measure the anterior segment, and the controller
corrects a measurement result for the anterior segment based
on a detection result by the displacement detection unit.

(2) In the anterior segment measuring apparatus according
to (1), the controller calculates a radius of curvature derived
when a cross-sectional 1mage 1s acquired 1n the expected
position as an estimated value based on a radius of curvature
for a curved surface area of the anterior segment to be mea-
sured by processing the cross-sectional image and an amount
of displacement 1n the direction orthogonal to the light sec-
tion.

(3) In the anterior segment measuring apparatus according
to (2), the displacement detection unit includes an observing,
optical system for acquiring a front image of the anterior
segment as the detecting optical system, detects a position of
a corneal apex of the examinee’s eye based on a target image
formed on the anterior segment of the examinee’s eye, and
detects displacement between the position upon acquiring the
cross-sectional image and the position of the corneal apex.

(4) In the anterior segment measuring apparatus according
to (1), the light projection optical system 1s a light projecting
optical system for projecting the light emitted from the light
source on the anterior segment of the examinee’s eye as slit
light, and the light receiving optical system has an imaging
optical axis inclined relative to a light projecting optical axis
of the light projecting optical system, and a shooting lens and
an 1maging element, both being disposed based on the Sche-
imptlug principle, the imaging element having an 1imaging
surface 1n a substantially conjugate position to the anterior
segment of the examinee’s eye.

(3) In the anterior segment measuring apparatus according
to (1), the controller acquires correction information for cor-
recting the deviation of a measurement result caused by dis-
placement between a shooting object surface formed on the
anterior segment and being 1n a conjugate relationship with an
imaging surface of the light recerving optical system and a slit
section formed on the anterior segment, based on an amount
of displacement of the position of the actual cross-sectional
image from the acquisition position of the expected cross-
sectional 1mage 1n the direction orthogonal to the light sec-
tion, and corrects the measurement result based on the
acquired correction information.

(6) In the anterior segment measuring apparatus according
to (1), the displacement detection unit further detects dis-
placement of the position of the actual cross-sectional image
from the acquisition position of the expected cross-sectional
image 1n a depth direction of the light section, and the con-
troller corrects the measurement result of the anterior seg-
ment based on the displacement in the depth direction, the
displacement being detected by the displacement detection
unit.

According to the anterior segment measuring apparatus of
the present disclosure, 1t 1s possible to measure the anterior
segment with high reproducibility.

A description will hereinafter be given of an anterior seg-
ment measuring apparatus (the apparatus) according to this
embodiment with reference to the drawings. FI1G. 1 1s a sche-
matic drawing for explaining a schematic configuration of an
optical system of the anterior segment measuring apparatus
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according to this embodiment. The optical system mainly
includes an ocular axial length measuring optical system
(measuring unit) 10, a kerato-projecting optical system 50, an
alignment projecting optical system 40, an anterior segment
front 1maging optical system 30, and an anterior segment
cross-sectional image imaging optical system 90. These opti-
cal systems are integrated 1n the same housing (not shown).
Moreover, the housing can be moved three-dimensionally
relative to an examinee’s eye by driving of a known alignment
shifting mechanism via an operation member (for example, a
joystick).

The kerato-projecting optical system 50 includes a ring-
shaped light source 51 disposed around a measurement opti-
cal axis L1. The light source system 50 1s used for projecting
a ring target on the cornea of the examinee’s eye and measur-
ing the corneal shape (the curvature, the astigmatic axial
angle, and the like). For example, an LED that emaits infrared
light or visible light 1s used for the light source 51. Otherwise,
the projecting optical system 50 may be a light source system
where at least three point light sources are disposed on the
same circumierence around the optical axis L1, a light source
system having an imntermittent ring light source, or a placido
target projecting optical system that projects a plurality of
ring targets.

The alignment projecting optical system 40 includes a
projection light source 41 that 1s disposed inside the light
source 51 and emits infrared light (for example, A=970 nm).
The optical system 40 1s used for projecting an alignment
target on a cornea Ec of the examinee’s eye. The alignment
target projected on the cornea Ec 1s used for alignment (for
example, auto alignment, alignment detection or manual
alignment) relative to the examinee’s eye. In this embodi-
ment, the projecting optical system 50 1s an optical system
that projects a ring target on the cornea Ec of the examinee’s
eye. The ring target 1s also used as a Mayer ring. Moreover,
the light source 41 of the projecting optical system 40 1s also
used as an anterior segment light for illuminating the anterior
segment by infrared light from a diagonal direction. The
projecting optical system 40 may further include an addi-
tional optical system that projects parallel light on the cornea
Ec. The projecting optical system 40 may be configured such
that an alignment 1s performed 1n a back-and-forth direction
by use of finite light emitted by the additional light source
system.

The anterior segment front 1imaging optical system 30 1s
used for imaging (acquiring) the front image of the anterior
segment. The anterior segment front 1imaging optical system
30 includes a dichroic mirror 33, an objective lens 47, a
dichroic mirror 62, a filter 34, an 1maging lens 37, and a
two-dimensional imaging element 35. The optical system 30
1s used for imaging the front image of the anterior segment of
the examinee’s eye. The two-dimensional imaging element
35 1s 1n a substantially conjugate positional relationship with
the anterior segment of the examinee’s eye.

The anterior segment retlected light to be obtained by the
projecting optical systems 40 and 50 forms an 1mage 1n the
two-dimensional 1maging element 35 via the dichroic mirror
33, the objective lens 47, the dichroic mirror 62, the filter 34,
and the imaging lens 37.

The ocular axial length measuring optical system 10
includes a light projecting optical system and a light receiving
optical system. The light projecting optical system 1s pro-
vided with ameasurement light source 1 that emits low coher-
ent light. The optical system 10 splits the light emitted from
the light source 1 into measurement light and reference light
to 1rradiate the examinee’s eye with at least the measurement
light. Next, the optical system 10 combines the reflected light
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from the examinee’s eye and the reference light to let the
combined light 1n a light recerving element. A controller (that
also serves as a calculator) to be described later calculates the
ocular axial length from a timing when coherent light 1s
detected by the light receiving element based on a light
receiving signal output from the light receiving element. In
this embodiment, the measurement light source of the ocular
axial length measuring optical system 10 also serves as a sight

fixation light.

Moreover, fundus reflected light 1s acquired, for example,
by the reflection of the light emaitted from the light source 1 at
the fundus. Most of the fundus reflected light 1s transmitted
through the dichroic mirror 33. The reflected light 1s subse-
quently recerved by the light receiving element of the ocular
axial length measuring optical system 10. Moreover, part of
the fundus reflected light 1s reflected by the dichroic minor 33
and forms an 1mage by the anterior segment front 1maging

optical system 30 1n the two-dimensional imaging element
35.

The anterior segment cross-sectional image 1maging opti-
cal system 90 includes a light projecting optical system (pro-
jecting optical system) 90a and a light recerving optical sys-
tem (imaging optical system) 90b. The optical system 90 1s
used for imaging an anterior segment cross-sectional image
of the examinee’s eye.

The light projecting optical system 90a projects light emit-
ted from a light source as slit light on the anterior segment of
the examinee’s eye. The light projecting optical system 90a
includes a light source 91, a condenser lens 92, a slit plate 93,
a total reflection minor 94, the dichroic minor 62, the objec-
tive lens 47, and the dichroic minor 33.

The light receiving optical system 905 includes a detector
(two-dimensional imaging element) 97 and an 1maging lens
96. The optical system 90 1s configured to 1image an anterior
segment cross-sectional image from a diagonal direction rela-
tive to the examinee’s eye. The two-dimensional imaging,
clement 97 has an 1imaging surface. The imaging surface 1s
disposed 1n a substantially conjugate position relative to the
anterior segment of the examinee’s eye. The imaging lens 96
leads anterior segment scattered light (anterior segment
reflected light) acquired by scattering at the anterior segment
to the imaging element 97. The light recerving optical system
906 has an 1imaging optical axis. The optical axis 1s inclined
relative to a light projecting optical axis of the light projecting
optical system 90a. The 1maging lens 96 and the imaging
clement 97 of the light recerving optical system 906 are
disposed based on the Scheimptlug principle. The light
receiving optical system 9056 1s disposed such that the optical
ax1is (1maging optical axis) intersects with the optical axis of
the light projecting optical system 90aq at a predetermined
angle. For example, a light cross section of a projected image
to be created by the light projecting optical system 90a and an
imaging surface to be obtained by the lens system including
the cornea Ec of the examinee’s eye (the cornea Ec and the
imaging lens 96) and the imaging element 97 are disposed 1n
the Scheimptlug relationship A filter 99 1s disposed belore
the lens 96 (on an examinee’s eye E side). The filter 99
transmits only light (blue light). The blue light 1s emitted from
the light source 91 and used for imaging an anterior segment
cross-sectional image.

Next, a description will be given of a control system. The
control system includes a controller 80. The controller 80
controls the entire apparatus and calculates measurement
results. The controller 80 1s connected to the members (in-
cluding the light source 1) of the ocular axial length measur-
ing optical system 10, the light source 91, the light source 51,
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the light source 41, the imaging element 35, the 1imaging
clement 97, a monitor 70, a memory 85, and the like.

Moreover, in this embodiment, the controller 80 can
execute an ocular axial length measurement mode for mea-
suring the ocular axial length and an anterior segment mea-
surement mode for measuring an anterior segment (for
example, the corneal shape) from an anterior segment cross-
sectional image. The modes can be switched automatically or
manually.

Moreover, the controller 80 1s connected to an operation
unit 84 for performing various mput operations. The opera-
tion unit 84 includes an operation input part being a general
interface such as a mouse. The operation input part may use a
touchscreen. Moreover, the operation unit 84 includes a mode
selection switch 84a. The mode selection switch 84a may be
used, for example, for switching between the ocular axial
length measurement mode and the anterior segment measure-
ment mode.

The controller 80 1s connected to the memory 85. Various
control programs, software programs, and the like are stored
in the memory 83. Software programs include a program for
causing the controller 80 to calculate the ocular axial length,
the corneal shape and the like, and a program for causing the
controller 80 to calculate the diameter of the pupil.
<Anterior Segment Measurement Mode>

A description will hereinatter be given of the operation of
the anterior segment measuring apparatus configured as
described above. The following description will be made 1n
terms of the case where the anterior segment measuring appa-
ratus 1s in the anterior segment measurement mode. An exam-
iner uses an operation device (not shown) such as a joystick to
move the apparatus while checking the alignment state of the
examinee’s eye displayed on the monitor 70. In other words,
the apparatus 1s moved 1n the up-and-down, left-and-right,
and back-and-forth directions to be placed in a predetermined
position relative to the examinee’s eye E. In this case, the
examiner requests the examinee to fixate a fixation target with
the eye.

FIG. 2 1s a view 1llustrating an example of an anterior
segment observation screen. An anterior segment image
imaged by the imaging element 35 1s displayed on the screen.
In other words, a reticle LT displayed electronically, a ring
target R1 by the light source 41, and a ring target R2 by the
light source 51 are displayed in the drawing. The ring target

R2 is displayed outside the ring target R1. Upon alignment,

the examiner lights the light sources 41 and 51, and moves the
apparatus up, down, left and right such that the reticle L'T and
the ring target R1 are concentrically located. Moreover, the
examiner moves the apparatus back and forth for alignment
such that the ring target R1 comes into focus.

After completion of the alignment, a predetermined trigger
signal 1s output automatically or manually from the controller
80. The trigger signal causes the detector (two-dimensional
imaging e¢lement) 97 to take an anterior segment cross-sec-
tional 1image and perform an ahgnment relative to the eye E.
In other words, 11 the trigger signal 1s 1ssued, the controller 80
lights the light source 91. The light from the light source 91 1s
condensed by the condenser lens 92, passes through the slit
93, and becomes slit light. The slit light 1s reflected by the total
reﬂectlon mirror 94. The reflected light 1s further transmitted
through the dichroic mirror 62. The transmitted light 1s fur-
ther reflected by the beam splitter 33 via the objective lens 47
to be condensed on the anterior segment. As a result, a slit
cross-sectional image 1s formed on the anterior segment. The

slit cross-sectional 1mage 1s imaged by the 1imaging element
97 via the filter 99 and the lens 96.
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The controller 80 then forms an anterior segment Cross-
sectional 1mage based on a detection signal acquired by the
imaging element 97. The cross-sectional 1image 1s processed
(analyzed) to measure the anterior segment (the anterior
chamber depth, the corneal curvature radius, and the corneal
thickness 1n this embodiment). In the case of calculating the
anterior chamber depth, the distance from the cornea to the
anterior surface of the crystalline lens 1s measured. In other
words, the anterior chamber depth may be the distance from
the anterior or posterior surface of the cornea to the anterior
surface of the crystalline lens. Moreover, the corneal curva-
ture radius 1s expressed by the distance from the center of
curvature to the cornea of the examinee’s eve.

In this embodiment, the position where the position of the
corneal apex coincides with the optical axis L1 of the appa-
ratus 1s set as the alignment reference position to perform an
alignment. In other words, 1n terms of the incident position of
the slit light upon acquiring an anterior segment Cross-sec-
tional image, an alignment 1s performed such that the slit light
passes the position of the corneal apex. At this time, an actual
incident position may be displaced from the position of the
corneal apex due to small movement of fixed line of sight, and
the like. Therefore, even 11 an alignment with the position of
the corneal apex of the same examinee’s eye 1s similarly
performed, displacement may occur in the alignment of the
apparatus.

The measurement values of the anterior chamber depth, the
corneal curvature radius, and the corneal thickness are calcu-
lated by the analysis of the anterior segment cross-sectional
image. Accordingly, the occurrence of displacement in the
incident position upon acquiring the anterior segment cross-
sectional image leads to a change in the angle of a slit section,
the displacement of a shooting object surface (a surface that1s
in a conjugate relationship with an 1imaging surface of the
imaging element 97), and the like. Furthermore, deviations
occur also 1n the measurement values. In other words, the
displacement of the incident position of the slit light 1nflu-
ences the light projecting optical system 90aq and the light
receiving optical system 90b. As a result, deviations occur
also 1n the measurement values obtained by these optical
systems 90a and 905.

FIG. 3 1s a view 1illustrating a relationship between the
displacement of a section and an object surface. The displace-
ment of the section 1s caused by having the influence of the
refraction of the slit light at the cornea when the alignment of
the apparatus 1s displaced 1n the up-and-down direction. In
the drawing, S1 represents the shooting object surface (here-
iafter referred to as the object surface) when there 1s no
displacement in the alignment of the apparatus. P1 similarly
represents the section of the slit light when there 1s no dis-
placement in the alignment of the apparatus (the solid line).
Moreover, S2 represents the object surface when the align-
ment of the apparatus 1s displaced in the up-and-down direc-
tion. P2 similarly represents the section of the slit light when
the alignment of the apparatus 1s displaced in the up-and-
down direction (the dotted line).

The incident position of the slit light emitted from the light
projecting optical system 90a on the eye may change. In this
case, upon being incident on the eye, the angle of the slit
section after the anterior surface of the cornea changes. This
influences an anterior segment cross-sectional 1mage to be
imaged. In other words, the slit light passes through the 1nte-
rior of the eyeball (the optical media of the anterior segment)
and the cornea. At thus time, the slit light 1s influenced by
refraction 1n the interior of the eyeball and at the cornea.
Moreover, the angle of the slit section changes after the slit
light being incident on the eye due to the change in the
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incident position of the slit light. This causes the deviation
between the anterior segment scattered light and the preset
object surface. Consequently, an anterior segment cross-sec-
tional 1mage to be imaged changes to cause deviations in
measurement values to be calculated by the analysis of the
anterior segment cross-sectional 1mage. As a result, 1t 1s nec-
essary to correct these deviations.

Moreover, there 1s small movement of fixed line of sight
and therefore an anterior segment cross-sectional 1image 1s
acquired 1n the shooting position that 1s different from the
position passing the corneal apex of the eye. Therefore, mea-
surement values that are different from the measurement val-
ues to be calculated 1n the position passing the corneal apex
are calculated. Accordingly, it 1s necessary to correct the
measurement values calculated from the anterior segment
cross-sectional 1mage to the measurement values 1n the case
of setting the position of the corneal apex to a shooting posi-
tion, considering the displacement of the shooting position.

Hence, the displacement due to the influence of the refrac-
tion of the eye, which 1s caused by the displacement of the
alignment position of the apparatus 1n the up-and-down direc-
tion (the angular displacement of the slit section) and the
displacement of the shooting position are corrected. Based on
these correction results, the calculated measurement values
are corrected to measurement values with the assumption that
an anterior segment cross-sectional 1mage 1s acquired 1n the
position of the corneal apex.

A description will heremafter be given of a method of
correcting measurement values of the anterior chamber
depth, the corneal curvature radius, and the corneal thickness
when displacement occurs 1n the alignment of the apparatus.
<Calculation of Measurement Values of Anterior Chamber
Depth, Corneal Curvature Radius and Corneal Thickness>

FIG. 4 illustrates an 1maged anterior segment cross-sec-
tional 1mage. Firstly, the controller 80 detects three points
(P1, P2 and P3) along the anterior surface of the cornea based
on the density value (luminance value) of each layer of the
imaged 1mage. Next, the controller 80 makes circle approxi-
mation of the anterior surface of the cornea based on the
detection results to obtain a center of curvature O. The con-
troller 80 then calculates the corneal curvature radius from the
distance from the center of curvature O to the cornea.

Next, the controller 80 determines a measurement axis C
for measuring the anterior segment shape such as the anterior
chamber depth from the anterior segment cross-sectional
image. The measurement axis C passes the center of curvature
O calculated above. Next, the controller 80 detects an inter-
section point P4 of the posterior surface of the cornea, an
intersection point P3 of the anterior surface of the crystalline
lens, and an intersection point P6 of the posterior surface of
the crystalline lens, on the measurement axis C based on the
density value (luminance value) of each layer of the imaged
image. The controller 80 then calculates the distance from the
point P4 to the point P5 to measure the corneal thickness and
the anterior chamber depth.
<Correction of Measurement Values>

Next, the measurement values of the anterior chamber
depth, the corneal curvature radius, and the corneal thickness,
which were calculated above, are corrected. A description
will hereinatfter be given of a method of correcting deviations
with reference to the flowchart shown in FIG. 5.

Firstly, the displacement in a direction orthogonal to a light
section between the position where a cross-sectional 1mage
was actually acquired and the expected position (the position
of the corneal apex 1n this embodiment) 1s detected. In other
words, an amount of displacement AY 1in the direction
orthogonal to the light section 1s detected. In the following
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description, the amount of displacement AY 1s detected in the
up-and-down direction (Y-axis direction) setting, as the ref-
erence, the case where the slit section 1s formed 1n the hori-
zontal direction passing the position of the corneal apex.

The controller 80 detects the position of the corneal apex
based on the target image formed on the anterior segment.
Subsequently, the controller 80 detects the displacement
between the position upon acquiring a cross-sectional image
and the position of the corneal apex. For example, the amount
of deviation between the alignment reference position (an
intersection point of an 1imaging surface of the two-dimen-
sional imaging element 35 and the imaging optical axis 1) 1n
X- and Y-directions set on the two-dimensional imaging ele-
ment 35 and the position of the corneal apex 1s obtained in
advance to detect the amount of displacement AY. In this case,
for example, the center position of the Mayer ring 1s regarded
to be the position of the corneal apex.

After detecting the displacement, the controller 80 corrects
the measurement results of the anterior segment based on the
detection result.

Firstly, the angular displacement of the slit section 1s cor-
rected. The controller 80 acquires correction information for
correcting deviations in the measurement results based on the
amount of displacement with respect to the direction orthogo-
nal to the light section. Here, deviations in the measurement
results are deviations caused by the displacement between the
shooting object surface formed on the anterior segment and
being 1n a conjugate relationship with an 1maging surface of
the light receiving optical system 905 and the slit section
formed on the anterior segment. The controller 80 corrects the
measurement result based on the acquired correction nfor-
mation.

For example, the correction amounts of measurement val-
ues for correcting the angular displacement of the slit section
in accordance with the amount of displacement of the align-
ment of the apparatus 1n the up-and-down direction are stored
as a correction table in the memory 75. Here, the measure-
ment values are the measurement values of the anterior cham-
ber depth, the corneal curvature radius, and the corneal thick-
ness. The controller 80 acquires from the memory 75 the
correction amounts of the anterior chamber depth, the corneal
curvature radius, and the corneal thickness in accordance
with the amount of displacement in the up-and-down direc-
tion. The controller 80 then corrects the measurement values
of the anterior chamber depth, the corneal curvature radius,
and the corneal thickness based on the obtained correction
amounts.

When the correction table of the angular displacement of
the slit section (hereinafter referred to as the angular correc-
tion table) i1s created, a predetermined anterior chamber
depth, corneal curvature radius, and corneal thickness are
previously measured, for example, for a model eye. Next,
corrected values are obtained based on the amounts of devia-
tion in the measurement values of the anterior chamber depth,
the comeal curvature radius, and the corneal thickness when
the measurement light for taking an anterior segment Cross-
sectional 1image 1s changed by a predetermined amount of
displacement 1n the up-and-down direction. Such calcula-
tions of correction values are made for each amount of dis-
placement that 1s different in the up-and-down direction to
create the angular correction table for each amount of dis-
placement 1n the up-and-down direction.

The controller 80 then acquires the correction amounts of
the measurement values corresponding to the amount of dis-
placement AY in the up-and-down direction from the angular
correction table stored 1n the memory 75. Next, the controller
80 corrects the measurement values of the anterior chamber
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depth, the corneal curvature radius, and the corneal thickness
based on the acquired correction amounts.

As described above, the controller 80 corrects the measure-
ment values after correcting the deviations of the measure-
ment values by the angular displacement of the slit section of
the anterior segment cross-sectional 1mage. At this time, the
controller 80 considers the displacement of the shooting posi-
tion 1n the up-and-down direction to have measurement val-
ues at the time when an anterior segment cross-sectional
image 1s taken in the position passing the corneal apex.

The controller 80 firstly corrects the corneal curvature
radius. In other words, the controller 80 calculates the radius
of curvature derived when the cross-sectional image 1is
acquired 1n the position of the corneal apex as an estimated
value based on the radius of curvature for the curved surface
arca ol the anterior segment, the radius being measured by
processing the cross-sectional 1mage, and the amount of dis-
placement 1n the orthogonal direction to the light section.
FIG. 6 1s a view of the concept for correcting the corneal
curvature radius.

S1 represents the object surface when the alignment of the
apparatus 1s not displaced (passes the corneal apex) (refer to
FIG. 3). S2 represents the object surface when the alignment
of the apparatus 1s displaced 1n the up-and-down direction (is
displaced from the corneal apex). AY represents the amount
of displacement in the up-and-down direction between S1 and
S2. Ol represents the center of curvature of the corneal part of
an anterior segment cross-sectional image acquired when the
object surface 1s S1 (1n the position passing the position of the
corneal apex). O2 represents the center of curvature of the
cornecal part of an anterior segment cross-sectional image
acquired when the object surface 1s S2.

As described above, the center of curvature O can be
obtained by detecting the points along the cornea in the cross-
sectional image and making circle approximation of the cor-
nea. R1 represents the radius of curvature of the anterior
surface of the cornea corresponding to the object surface S1.
In other words, R1 denotes the distance from a center of
curvature O1 to an anterior surface of the cornea Ecl. R2
represents the radius of curvature of the anterior surface of the
cornea corresponding to the object surface S2. In other words,
R2 denotes the distance from a center of curvature O2 to the
anterior surface of the cormea Ecl. Rla 1s the distance (the
radius of curvature) from the center of curvature O1 on the
object surface S1 to the anterior surface of the cornea Ecl on
the object surface S2. Therefore, R1a has a similar value to
R1.

A description will be given of a method of correcting the
corneal curvature radius when the shooting position 1s dis-
placed by the equivalent of AY from the position of the
corneal apex by use of the above parameters. The corneal
curvature radius can be obtained by using the Pythagorean
theorem as follows.

R1=VR2Z4AY [Math. 1]

In other words, as shown above, 1t becomes possible to
calculate R1 by use of the values of R2 and AY. The values of
R2 and AY are measured by the apparatus and therefore it 1s
possible to calculate RE Consequently, 1t becomes possible to
correct the corneal curvature radius to be calculated when the
shooting position 1s the position of the corneal apex.

Next, the corneal thickness and the anterior chamber depth
are corrected. FIG. 7 1s a view explaining the concept for
correcting the corneal thickness.

In FIG. 7, D1 represents the corneal thickness when the
object surface 1s S1. D2 represents the anterior chamber depth
when the object surface 1s S1. D1' represents the corneal
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thickness when the object surface 1s S2. D2' represents the
anterior chamber depth when the object surface 1s S2. d1
represents the amount of displacement between the corneal
curvature radius of the anterior surface of the cornea Ecl
when the object surface 1s S1 and the corneal curvature radius
when the object surface 1s S2. d2 represents the amount of
displacement between the corneal curvature radius of a pos-
terior surface of the cornea Ec2 when the object surface 1s S1
and the corneal curvature radius when the object surface 1s S2.
d3 represents the amount of displacement between the radius
of curvature of the anterior surface of the crystalline lens for
an anterior surface of the crystalline lens W when the object
surface 1s S1 and the radius of curvature of the anterior surface
of the crystalline lens when the object surface 1s S2. The
radius of curvature of the posterior surface of the cornea Ec2
and the radius of curvature of the anterior surface of the
crystalline lens W when the object surface 1s S1 can be
obtained by use of the Pythagorean theorem, similarly to the
method of correcting the corneal curvature radius of the ante-
rior surface of the cornea Ecl.

A description will be given of a method of correcting the
corneal thickness and the anterior chamber depth when the
shooting position 1s displaced by AY from the position of the
corneal apex by use of the above parameters. The corneal
thickness when the object surface 1s S1 can be obtained as
follows.

D1=D14+d1-d?2 [Math. 2]

Moreover, the anterior chamber depth when the object
surface 1s S1 1s obtained as follows.

D2=D2"4+d2-d3 [Math. 3]

In other words, as shown above, it 1s possible to obtain the
anterior chamber depth and the corneal thickness when the
object surface 1s S1 by use of the anterior chamber depth and
the corneal thickness when the object surface 1s S2. The
anterior chamber depth and the corneal thickness when the
object surface 1s S2 1s calculated by analyzing an anterior
segment cross-sectional image as described above. In this
manner, 1t becomes possible to correct the anterior chamber
depth and the corneal thickness, which are calculated when
the shooting position 1s the position of the corneal apex.

The measurement values are corrected as described above,
and therefore it becomes possible to calculate the measure-
ment values 1n the case of carrying out shooting in the posi-
tion of the corneal apex even when the shooting position 1s
displaced from the shooting position passing the position of
the comeal apex due to misalignment, small movement of
fixed line of sight, and the like.

If an alignment 1s performed to take an anterior segment
cross-sectional 1image 1n the same shooting position for the
same examinee’s eye, 1t 1s possible to calculate measurement
values with high reproducibility even if displacement occurs
in the shooting position after the alignment 1s completed. In
other words, 1t becomes possible to measure the anterior
segment with high reproducibility.

In this embodiment, the description has been given of the
example where an alignment 1s performed setting the position
where the position of the corneal apex coincides with the
optical axis of the apparatus as the alignment reference posi-
tion. However, this embodiment 1s not limited to this. For
example, 11 shooting 1s successively carried out, the align-
ment reference position may be set as follows. In other words,
il the alignment of the apparatus 1s displaced from the posi-
tion of the corneal apex upon shooting, the position where the
corneal apex 1s detected 1n a first shot (may naturally be a
second shot or later) 1s set as the alignment reference position.
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The subsequent measurements are taken by use of the align-
ment reference position. In this case, since the position of the
corneal apex 1n the first shot becomes the alignment reference
position, the measurement values are corrected 1n the subse-
quent measurements so as to have measurement values cor-
responding to the shooting position in the first shot.

In this embodiment, the description has been given of the
example of performing a deviation correction in the Y-axis
direction. However, this embodiment 1s not limited to this.
For example, a deviation correction may be performed as
tollows. The controller 80 detects displacement 1n the depth
direction of a light section between a position where a cross-
sectional image was actually acquired and an expected posi-
tion. The controller 80 corrects the measurement results of the
anterior segment based on the detected displacement 1n the
depth direction. Consequently, 1t becomes possible to mea-
sure with higher reproducibility. For example, when measure-
ment values are corrected for the displacement 1n the back-
and-forth (depth) direction (Z-axis direction), the anterior
surface of the cornea 1s firstly detected from the anterior
segment cross-sectional image taken. A comparison of the
displacement between pixels 1s made between the position
where the anterior surface of the cornea 1s detected 1n advance
when there 1s no displacement in the Z-axis direction and the
position of the anterior surface of the cornea, the position
being detected from the anterior segment cross-sectional
image taken, to detect the amount of displacement in the
back-and-forth direction. Subsequently, the amount of dis-
placement 1s reflected on each of the calculated measurement
values to correct the measurement values.

Moreover, there 1s little influence on the measurement val-
ues with respect to displacement 1n the left-and-right direc-
tion (X-axis direction). Accordingly, the displacement 1s
detected when the position of the anterior segment cross-
sectional 1image 1s corrected on the monitor 75 to correct the
position for display. Consequently, it becomes possible to
observe the anterior segment cross-sectional 1image excel-
lently on the monitor 75.

This embodiment can be used for an apparatus that projects
slit light on the anterior segment of an examinee’s eye and
obtains an anterior segment cross-sectional image with a
Scheimpflug camera. The apparatus acquires a three-dimen-
sional shape 1image of the anterior segment by rotating the
Scheimpflug camera. In this case, displacement 1s corrected
at every predetermined rotation angle to make it possible to
accurately acquire a three-dimensional shape 1mage of the
anterior segment. As a result, the accuracy of measurement
values to be acquired from the three-dimensional shape image
1s improved. In such an apparatus, displacement in the direc-
tion vertical to an 1maging surface (slit section) 1s detected,
and the deviation correction process 1s performed based on
the detection result.

In this embodiment, a slit projection-type anterior segment
cross-sectional 1mage 1maging apparatus has been described
as an example of the anterior segment measuring apparatus.
However, this embodiment 1s not limited to this. For example,
it 1s suilicient 1 the anterior segment measuring apparatus to
which this embodiment can be applied 1s an apparatus that
includes a light projecting optical system projecting light
emitted from a light source onto the anterior segment of an
examinee’s eye and forming a light section on the anterior
segment, and a light receiving optical system including a
detector recerving anterior segment scattered light acquired
by the scattering of the light section at the anterior segment,
forms an anterior segment cross-sectional 1image based on a
detection signal from the detector, and processes the cross-
sectional 1mage to measure the anterior segment. For
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example, this embodiment can be applied also to an anterior
segment tomographic 1mage 1maging apparatus (Optical
Coherence Tomography: OCT) that includes a coherent opti-
cal system causing a light recerving element to recerve coher-
ent light obtained by combining measurement light flux
reflected from an examinee’s eye and reference light flux and
takes a tomographic image of the anterior segment of the
examinee’s eye.

For example, the anterior segment OCT scans a measure-
ment beam over the anterior segment by an optical scanner. In
this case, the anterior segment OCT 1s provided with a sensor
for detecting displacement 1n the direction vertical to the
imaging surface of a tomographic image (in the scanning
direction of the measurement light). Sensors include a CCD
camera that obtains a front image of the anterior segment,
SLO (Scanning laser ophthalmoscope), and an OCT {front
image that can be obtained by two-dimensional scanning by
the OCT. In the anterior segment OCT, the deviation correc-
tion process 1s performed based on an output signal from the
SENnsor.
<QOcular Axial Length Measurement™

A description will be given of the ocular axial length mea-
surement mode. The examiner places the apparatus 1n a pre-
determined positional relationship relative to the examinee’s
eye E while checking the alignment state of the examinee’s
eye displayed on the monitor 70. At this time, for example, an
operation device (not shown) such as a joystick 1s used to
move the apparatus in the up-and-down, left-and-right, and
back-and-forth directions.

After the alignment 1s completed, a trigger signal to start
measurements 1s output automatically or manually from the
controller 80. The measurement light source 1 1s lit by the
trigger signal from the controller 80, the examinee’s eye 1s
irradiated by the ocular axial length measuring optical system
10 with the measurement light as well as the reflected light of
the measurement light from the examinee’s eye 1s incident on
the light recerving element of the ocular axial length measur-
ing optical system 10. The ocular axial length 1s calculated
from timing when coherent light 1s detected by the light
receiving element based on a light receiving signal output
from the light receiving element.

Moreover, the anterior segment measuring apparatus of the
present disclosure can be expressed as the following first to
sixth anterior segment measuring apparatuses. In other
words, the first anterior segment measuring apparatus
includes: a light projecting optical system for projecting light
emitted from a light source on an anterior segment of an
examinee’s eye and forming a light section on the anterior
segment; a light recerving optical system including a detector
for recerving anterior segment scattered light acquired by
scattering of the light section at the anterior segment and
obtaining a cross-sectional image; a detecting optical system
tor detecting displacement from an acquisition position of an
expected cross-sectional image; a displacement detection
unit for detecting displacement 1n the direction orthogonal to
the light section between a position where the cross-sectional
image 1s actually acquired and the expected position based on
a detection result obtained by the detecting optical system;
and a calculator for forming an anterior segment cross-sec-
tional image based on a detection signal from the detector and
processing the cross-sectional image to measure the anterior
segment, wherein a measurement result for the anterior seg-
ment 1s corrected based on a detection result by the displace-
ment detection unit.

In the second anterior segment measuring apparatus
according to the first anterior segment measuring apparatus,
the calculator calculates a radius of curvature derived when a
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cross-sectional 1mage 1s acquired 1n the expected position as
an estimated value based on a radius of curvature for a curved
surface area of the anterior segment to be measured by pro-
cessing the cross-sectional image and an amount of displace-
ment 1n the direction orthogonal to the light section.

In the third anterior segment measuring apparatus accord-
ing to the first anterior segment measuring apparatus, the
displacement detection unit includes an observing optical
system for acquiring a front image of the anterior segment as
the detecting optical system, detects a position of a corneal
apex ol the examinee’s eye based on a target image formed on
the anterior segment of the examinee’s eye, and detects dis-
placement between the position upon acquiring the cross-
sectional image and the position of the corneal apex.

In the fourth anterior segment measuring apparatus accord-
ing to the first anterior segment measuring apparatus, the light
projection optical system 1s a light projecting optical system
for projecting the light emitted from the light source on the
anterior segment of the examinee’s eye as slit light, and the
light recerving optical system has an imaging optical axis
inclined relative to a light projecting optical axis of the light
projecting optical system, and a shooting lens and an imaging
clement, both being disposed based on the Scheimptlug prin-
ciple, the 1imaging element having an 1maging surface 1n a
substantially conjugate position to the anterior segment of the
examinee’s eye.

In the fifth anterior segment measuring apparatus accord-
ing to the first anterior segment measuring apparatus, the
calculator acquires correction information for correcting the
deviation of a measurement result caused by displacement
between a shooting object surface formed on the anterior
segment and being 1n a conjugate relationship with an imag-
ing surface of the light receiving optical system and a slit
section formed on the anterior segment, based on an amount
of displacement 1n the direction orthogonal to the light sec-
tion, and corrects the measurement result based on the
acquired correction information.

In the sixth anterior segment measuring apparatus accord-
ing to the first anterior segment measuring apparatus, the
displacement detection unit further detects displacement 1n
the depth direction of the light section between the position
where the cross-sectional 1mage 1s actually acquired and the
expected position, and the calculator corrects the measure-
ment result of the anterior segment based on the displacement
in the depth direction, the displacement being detected by the
displacement detection unit.

The foregoing detailed description has been presented for
the purposes of 1llustration and description. Many modifica-
tions and variations are possible in light of the above teaching.
It 1s not intended to be exhaustive or to limit the subject matter
described herein to the precise form disclosed. Although the
subject matter has been described in language specific to
structural features and/or methodological acts, 1t 15 to be
understood that the subject matter defined i the appended
claims 1s not necessarily limited to the specific features or acts
described above. Rather, the specific features and acts
described above are disclosed as example forms of 1mple-
menting the claims appended hereto.

What 1s claimed 1s:

1. An anterior eye segment measuring apparatus compris-

ng:

a light projecting optical system for projecting light emat-
ted from a light source on an anterior eye segment of an
examinee’s eye and forming a light section of the light
betore the light enters into the anterior eye segment and
after the light enters into the anterior eye segment;
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a light receiving optical system, including a detector for
receiving anterior eye segment scattered light acquired
by scattering of the light section at the anterior eye
segment, for obtaining a cross-sectional 1mage;

a detecting optical system for detecting displacement of an
actual cross-sectional 1mage from an acquisition posi-
tion of an expected cross-sectional 1mage;

a displacement detection unit for detecting displacement in
a Y-axis direction between an actual position where the
light section enters into the examinee’s eye and an
expected position where the light section 1s expected to
enter 1nto the examinee’s eye based on a detection result
obtained by the detecting optical system, the Y-axis
direction being orthogonal to the light section of the
light betfore the light enters into the anterior eye section
and orthogonal to a lateral direction of the examinee’s
eye; and

a controller for forming the cross-sectional image of the
anterior eye segment based on a detection signal from
the displacement detection unit and processing the
cross-sectional 1image to measure the anterior eye seg-
ment,

wherein the controller corrects a measurement result of the
anterior eye segment based on the displacement 1n the
Y-axis direction detected by the displacement detection
umt, the measurement result comprising a curvature
radius, and the measurement result further comprising
an anterior chamber depth or a corneal thickness,

when the light emitted from the light source 1s slit light, the
displacement in the Y-axis direction 1s 1 a direction
orthogonal to a longitudinal direction of the slit light,

when the light emitted from the light source 1s scanning
light, the displacement 1n the Y-axis direction 1s 1n a
direction orthogonal to a scanming direction of the light
emitted from the light source,

the curvature radius 1s corrected by using the following
equation:

Rlz\/}ezzmiﬂ

where R1 represents a corrected curvature radius, R2 rep-
resents the curvature radius 1n the measurement result
and AY represents the displacement in the Y-axis direc-
tion,

when the measurement result comprises the corneal thick-
ness, the corneal thickness 1s corrected by using the
following equation:

D1=D1+d1-d 2

where D1 represents a corrected corneal thickness, D1’
represents the corneal thickness in the measurement
result, d1 represents an amount of displacement between
a corrected corneal curvature radius at an anterior sur-
face and a corneal curvature radius at the anterior surface
in the measurement result, and d2 represents an amount
of displacement between a corrected corneal curvature
radius at a posterior surface and a corneal curvature
radius at the posterior surface in the measurement result,
and

when the measurement result comprises the anterior cham-
ber depth, the anterior chamber depth 1s corrected by
using the following equation:
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D2 =D2"+d2-d3

where D2 represents a corrected anterior chamber depth,
D2' represents the anterior chamber depth 1n the mea-
surement result, and d3 represents an amount of dis-
placement between a corrected curvature radius at an
anterior surface of a crystalline lens and a curvature
radius at the anterior surface of the crystalline lens 1n the
measurement result.

2. The anterior eye segment measuring apparatus accord-
ing to claam 1, wherein the displacement detection unit
includes an observing optical system for acquiring a front
image ol the anterior eye segment as the detecting optical
system, detects a position of a corneal apex of the examinee’s
eye based on a target image formed on the anterior eye seg-
ment of the examinee’s eye, and detects displacement
between the position upon acquiring the cross-sectional
image and the position of the corneal apex.

3. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein

the light projection optical system 1s a light projecting

optical system for projecting the light emitted from the
light source on the anterior eye segment of the examin-
ce’s eye as slit light, and
the light receiving optical system has an imaging optical
ax1s inclined relative to a light projecting optical axis of
the light projecting optical system, and a shooting lens
and an 1maging element, both being disposed based on
the Scheimpflug principle, the imaging element having
an 1maging surtace in a substantially conjugate position
to the anterior eye segment of the examinee’s eye.
4. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein
the displacement detection unit further detects displace-
ment of the position of the actual cross-sectional 1mage
from the acquisition position of the expected cross-sec-
tional image 1n a depth direction of the light section, and

the controller corrects the measurement result of the ante-
rior eye segment based on the displacement 1n the depth
direction, the displacement being detected by the dis-
placement detection unit.

5. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein

the light emitted from the light source 1s slit light or scan-

ning light.

6. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein

the light emitted from the light source 1s slit light.

7. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein

the light emitted from the light source 1s scanning light.

8. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein

the expected position where the light section 1s expected to

enter 1nto the examinee’s eye 1s a position where the
light section enters 1nto the examinee’s eye when there 1s
no displacement in an alignment of the apparatus.

9. The anterior eye segment measuring apparatus accord-
ing to claim 1, wherein

the expected position where the light section 1s expected to

enter into the examinee’s eye 1s at a corneal apex.
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